Electromagnetic activity of a single, subwavelength helix is explored under transverse illumination with terahertz electromagnetic pulses. By measuring the phase accrual difference between right-and leftcircularly polarized components of the pulse transmitted through a series of identically shaped helices, where sections of each helix have been systematically removed, a linear relationship is discovered between the electromagnetic activity of a helix and its thickness in the propagation direction of the electromagnetic wave. A single helix is thus shown to possess intrinsic electromagnetic activity, describable by an effective circular birefringence. © 2010 Optical Society of America OCIS codes: 160.1585, 260.5430. Chirality describes mirror-asymmetry in the geometry of a medium. The notion of chirality was introduced in the early 1800s [1-4] to qualitatively describe the microstructure of materials, such as quartz, which were found to exhibit electromagnetic activity at visible frequencies. The electromagnetic activity of a medium is evidenced and characterized by its influence on the polarization state of an electromagnetic wave propagated through the medium. If the medium is lossless, electromagnetic activity is measured as a rotation of the polarization plane of an incident linearly polarized wave, which can be equivalently interpreted as a difference in the phase accrual of right-circularly polarized (RCP) and leftcircularly polarized (LCP) components of the wave in the medium. If the medium is lossy, electromagnetic activity is measured as both a polarization rotation and a change in the eccentricity of the polarization ellipse of the wave. The latter can be equivalently interpreted as a difference in the attenuation of RCP and LCP components of the wave in the medium. The correlation between chirality and electromagnetic activity was solidified in the 1920s by experiments performed by Lindman [5] demonstrating polarization rotation of microwave radiation transmitted through randomly oriented collections of copper wire wound into helices. Since this seminal work, advances in microwave generation and detection have enabled several detailed studies of the microwave properties of ensembles of macroscopic helices. Tinoco and Freeman [6] and Winkler [7] have studied both the rotation and absorption of RCP and LCP microwaves in dielectric materials containing a distribution of wire helices. Guire et al. [8] have investigated the normal-incidence reflection of linearly polarized microwaves from metal-backed collections of helices, concluding that signatures of electromagnetic activity can be measured in the reflection from collections of helices. Varadan et al. [9] have directly measured the complex effective properties of ensembles of helices as a function of frequency, helix concentration, and handedness, further establishing the analogies between naturally chiral materials and helical collections [10].
Chirality describes mirror-asymmetry in the geometry of a medium. The notion of chirality was introduced in the early 1800s [1] [2] [3] [4] to qualitatively describe the microstructure of materials, such as quartz, which were found to exhibit electromagnetic activity at visible frequencies. The electromagnetic activity of a medium is evidenced and characterized by its influence on the polarization state of an electromagnetic wave propagated through the medium. If the medium is lossless, electromagnetic activity is measured as a rotation of the polarization plane of an incident linearly polarized wave, which can be equivalently interpreted as a difference in the phase accrual of right-circularly polarized (RCP) and leftcircularly polarized (LCP) components of the wave in the medium. If the medium is lossy, electromagnetic activity is measured as both a polarization rotation and a change in the eccentricity of the polarization ellipse of the wave. The latter can be equivalently interpreted as a difference in the attenuation of RCP and LCP components of the wave in the medium.
The correlation between chirality and electromagnetic activity was solidified in the 1920s by experiments performed by Lindman [5] demonstrating polarization rotation of microwave radiation transmitted through randomly oriented collections of copper wire wound into helices. Since this seminal work, advances in microwave generation and detection have enabled several detailed studies of the microwave properties of ensembles of macroscopic helices. Tinoco and Freeman [6] and Winkler [7] have studied both the rotation and absorption of RCP and LCP microwaves in dielectric materials containing a distribution of wire helices. Guire et al. [8] have investigated the normal-incidence reflection of linearly polarized microwaves from metal-backed collections of helices, concluding that signatures of electromagnetic activity can be measured in the reflection from collections of helices. Varadan et al. [9] have directly measured the complex effective properties of ensembles of helices as a function of frequency, helix concentration, and handedness, further establishing the analogies between naturally chiral materials and helical collections [10] .
To date, experimental studies of the electromagnetic properties of helices have used random or ordered collections of helices to mimic the microstructure of materials that are optically active at visible frequencies. Here, we propose to study the electromagnetic properties of a single helix, with dimensions on the order of and less than the free-space wavelength, 0 , with the goal of establishing a direct correlation between its electromagnetic activity and geometrical chirality. The helix is illuminated with linearly polarized terahertz (THz) pulses in a configuration where the incident electromagnetic wave propagation direction is normal to the axis of the helix (transverse illumination). Electromagnetic activity, manifest as a rotation of the polarization plane of the incident linearly polarized pulse, is measured by characterizing the difference in the phase accrual between the RCP and LCP components of the pulse transmitted through the helix.
The helical structure to be studied is a copper wire helix consisting of 12 right-handed circular revolutions having a pitch p = 120± 10 m, a wire diameter b =60±2 m, and a helical diameter d = 235± 10 m (measured from the center of the wire). The helix is suspended in a photopolymer adhesive (Norland Optical Adhesive 68), which is transparent at THz frequencies and has a THz refractive index n Ӎ 1.5. THz time-domain spectroscopy is employed in transmission mode to characterize the electric field of the THz pulse transmitted through the helix along a direction transverse to the helical axis. Linearly polarized, single-cycle THz pulses with frequency components spanning from 0.01 THz to 1.0 THz are generated from a photoexcited GaAs photoconductive switch. The THz pulses are focused onto the suspended helix at normal incidence and with a spot size larger than the lateral width of the helix. Relative to the range of wavelengths encompassed by the incident pulse (inversely weighted by the refractive index of the polymer), the helix diameter is comparable with or less than the wavelength, and both the helix pitch and the wire diameter are subwavelength by at least a factor of 2. To measure the full electric field vector of the pulse transmitted directly through the helix, or-thogonal electric field components oriented parallel, E ʈ ͑t͒, and perpendicular, E Ќ ͑t͒, to the polarization plane of the incident pulse are captured [11] . Via Hilbert transformation of the real field components, E ʈ ͑t͒ and E Ќ ͑t͒, the respective complex field components, E គ ʈ ͑t͒ and E គ Ќ ͑t͒, are derived. The complex RCP electric field component, E គ r ͑t͒, and the complex LCP electric field component, E គ l ͑t͒, are obtained via [12] . The dependent variable of this study is the phase accrual difference between E គ r ͑t͒ and E គ l ͑t͒, which will be evaluated in both the time and frequency domains. The independent variable of this study is the thickness of the helix, L, along the propagation direction of the incident pulse (i.e., orthogonal to the axis of the helix). The thickness of the helix will be varied by removing sections of the helix via mechanical grinding in a plane parallel to the helical axis. This results in partial helices, consisting of an array of disconnected, partially complete helical revolutions, having L ranging from 36 m to 235 m.
The electromagnetic response of the helix to transverse, linearly polarized illumination is sensitive to the orientation of the incident electric field owing the inherent anisotropy in the lateral shape of the helix in the plane normal to the propagation direction of the incident wave. Since the helix consists of tightly wound revolutions where p Ӷ d, the lateral shape of the helix is approximately symmetric about the helical axis. Therefore, the helix is effectively birefringent with two relevant optical axes: one parallel to the helical axis and another perpendicular to the helical axis.
Shown in Fig. 1(a) are representative time-domain waveforms of the real part of the RCP field component, E r ͑t͒, and the real part of the LCP field component, E l ͑t͒, transmitted through the polymer without the helix (labeled "reference") and through the polymer with the helix. The helix is illuminated with the incident electric field polarized along the helical axis to limit birefringent transmission through the helix. The RCP and LCP components of the reference pulse and the pulse transmitted through the helix are nearly identical in shape, arrival time, and amplitude. The time-dependent phase accrual difference between the complex field quantities E គ r ͑t͒ ϰ e i r ͑t͒ and E គ l ͑t͒ ϰ e i l ͑t͒ is given by ⌬͑t͒ = r ͑t͒ − l ͑t͒. Figure 1 (b) displays the time-dependent phase accrual difference for both the reference pulse and the pulse transmitted through the helix. For the reference pulse, ⌬͑t͒ Ӎ 0 over the time duration of the pulse (from Ӎ1.7 ps to Ӎ 4.2 ps), which is due to the near-zero E Ќ ͑t͒ field for the polymer without a helix. In contrast, for the transmission through the helix, ⌬͑t͒ rises from 0 to Ӎ 0.20 rad over the time duration from 1.7 ps to 3 ps and remains constant at Ӎ0.20 rad for the remaining duration of the pulse. The RCP component of the transmitted pulse accrues greater phase than the LCP component, indicating that the helix exhibits a handedness in its response to transverse illumination.
Fourier transformation of the complex timedependent field quantities, E គ r ͑t͒ and E គ l ͑t͒, yield the respective complex frequency-dependent field quantities, E គ r ͑͒ and E គ l ͑͒. From the frequency-dependent phase, ⌽ r ͑͒ and ⌽ l ͑͒, associated with the respective RCP and LCP field components, the phase accrual difference is ⌬⌽͑͒ = ⌽ r ͑͒ − ⌽ l ͑͒.
We next study variation of ⌬⌽͑͒ under transverse illumination of the helix as L increases from 36 m to 235 m. Figure 2(a) shows values of ⌬⌽͑͒ corresponding to the complete helix ͑L = 235 m͒ and partial helices (L =36 m and 147 m), measured as a function of the angular orientation, , of the incident electric field polarization with respect to the helical axis. Aforementioned birefringence of the helix (arising from the anisotropic lateral shape of the helix) manifests as an approximate cos -dependence in ⌬⌽, observed to varying extents for all values of L. For the thinnest helix ͑L =36 m͒, ⌬⌽ Ӎ 0 when the electric field is aligned parallel to either of the two optical axes (i.e., = 0°, 90°, and 180°). For 0°Ͻ Ͻ 90°, ⌬⌽ Ͼ 0, and for 90°Ͻ Ͻ 180°, ⌬⌽ Ͻ 0. As L increases from 36 m to 147 m, ⌬⌽ shows a fixed positive offset Ӎ0.08 rad from zero, suggesting a -independent phase accrual difference, and an increased oscillation amplitude of ⌬⌽ as a function of , suggesting increased birefringence. The increased birefringence arises because the 147-m-thick helix, which is approximately half of the complete helix, is geometrically similar to an array of parallel wires, yields anisotropic transmission akin to a wire-grid polarizer. The constant positive offset in ⌬⌽ as a function of indicates a phase accrual difference be- tween the RCP and LCP components independent of the orientation of the incident polarization, a hallmark of electromagnetic activity. As the thickness increases from L = 147 m to L = 235 m (a complete helix), the oscillation amplitude of ⌬⌽ as a function of diminishes, and the fixed positive offset of ⌬⌽ increases to Ӎ0.15 rad. The latter indicates enhanced electromagnetic activity arising from the complete helix relative to that from the partial helices. The sign of the offset in ⌬⌽ is positive for all helices, which is attributed to the similar right-handedness of the helices.
Values of ⌬⌽ measured for transverse illumination of the helix are averaged over the range 0°Ͻ Ͻ 180°to average out birefringence effects and to isolate the -independent phase accrual difference characteristic of electromagnetic activity. As the thickness increases [ Fig. 2(b) ], the phase accrual difference increases linearly from Ӎ0.05 rad to Ӎ 0.15 rad. A linear fit yields a best-fit line having a slope of m = 6.3± 0.5ϫ 10 −4 rad/ m and a y intercept of −7±9ϫ 10 −3 rad. In the limit where L approaches zero, the linear fit predicts a phase accrual difference that approaches zero, within error. Based on the linear relationship between ͗⌬⌽͘ and the thickness L, an effective circular birefringence, ⌬n c , describing the difference in the effective index experienced by RCP and LCP electric field components as they traverse the helix, can be estimated. Equating the slope of the linear fit in Fig. 2(b) to the difference in the effective wavevectors of the RCP and LCP components in the medium, m = ⌬n c k, where k =2n / 0 is the wavevector in the polymer, ⌬n c = 4.3± 0.3ϫ 10 −2 is estimated.
Chiral begets electromagnetic activity. This relationship was first suggested with the discovery of electromagnetic activity in the early 1800s and later reinforced by microwave transmission experiments on random collections of helices. Here, we further study the link between chirality and electromagnetic activity in the case of a single, subwavelength-sized helix under transverse illumination by linearly polarized pulses. A direct linear correlation between the phase accrual difference and the thickness of the helix enables the derivation of an effective circular birefringence to describe the intrinsic electromagnetic activity due to a single helix. The work sheds light on the underlying electromagnetic interactions, giving rise to electromagnetic activity from the helical conformation. 
